Low to moderate amounts of regular physical activity reduce cardiovascular (CV) risk factor burden, improve morbidity of CV and other chronic diseases and reduce CV mortality. [1] [2] [3] [4] [5] [6] Aerobic endurance activities such as walking, jogging and running are popular and advocated ways to improve and maintain health across all age groups. Marathon running is an extreme form of such endurance exercise and poses a challenge to the runner and his or her CV system. Bouts of exercise may in fact increase the short-term risk of coronary events, not only in persons unaccustomed to exercise but also in joggers and marathon runners. 7-12 At a younger age, i.e. <35-40 years, CV events in athletes are predominantly attributable to cardiomyopathies (40%), coronary artery anomalies including myocardial bridging (19%), left ventricular (LV) hypertrophy (8%) and myocarditis (6%). 8 In those aged >35-40 years, coronary artery disease (CAD) is the most frequent cause of CV events (80%), followed by valvular heart disease (16%) and hypertrophic cardiomyopathy (3%). 13 CV event rates in association with marathon running are low. However, nine deaths during running events in Germany in 2007 alone 14 sustain the debate on the necessity and methods of pre-participation CV screening and risk stratification in recreational athletes. Current American Heart Association (AHA) guidelines recommend a detailed personal and family history and a physical examination for baseline screening, 15 followed by further testing as appropriate, which may include exercise stress testing.
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European Society of Cardiology (ESC), International Olympic Committee (IOC) and German guidelines also advise routine baseline resting ECG screening. [16] [17] [18] [19] [20] However, pre-participation screening of marathon runners is not obligatory for recreational runners in most countries, and the cardiovascular work-up of athletes contains potential pitfalls. As a prudent measure, many marathons now provide defibrillators along the course, 9 but early detection of subclinical disease should clearly be the first-line approach to prevent CV events in marathon runners.
We have performed a prospective study on the prevalence of CV risk factors and coronary atherosclerosis in healthy marathon runners aged ≥50 years. 21, 22 The purpose of this review is to discuss our findings in light of current practice in cardiovascular risk stratification and existing guidelines on cardiovascular pre-participation screening in athletes.
The Marathon Study Cohort
The study design and initial results have been presented in detail elsewhere. 21 In brief, the Marathon Study was designed to assess the prevalence of CV risk factor burden and coronary atherosclerosis in experienced marathon runners ≥50 years of age. Participants were eligible if they had no known CV disease, no symptoms of CV disease and no diabetes and had completed at least five full-distance marathon events during the previous three years. On average, they were 57±6 years old, had completed 20 marathons (median: 20; 25th/75th percentile: 14/42) and had been running marathons regularly for the past nine years (median value). 22 Data were compared with controls from the Heinz Nixdorf Recall study, which was designed to determine the prognostic value of subclinical atherosclerosis compared with established risk factors in the general unselected population. 23, 24 
Risk Stratification in the General Population
Risk stratification algorithms such as the Framingham risk score, 25 the Münster Heart Study (PROCAM) score 26 and the European Systematic Coronary Risk Evaluation (SCORE) system 27, 28 are used to assess an individual's global 10-year risk. Conventional risk factors are measured and weighted and attributed to an empirically determined absolute risk of cardiovascular events, e.g. cardiac death and myocardial infarction: 29 • low-risk = <1% per year or <10% in 10 years;
• intermediate-risk = 1-2% per year or 10-20% in 10 years; and
• high-risk = >2% per year or >20% in 10 years. Further tests such as coronary artery calcium (CAC) scanning, 31 measuring intima media thickness (IMT), the ankle arm index (AAI) or exercise stress testing may be useful in distinguishing individuals who are at a high risk from those at a low risk, 29 
Current Guidelines for Cardiovascular

Risk Stratification in Athletes
To determine the risk of a CV event in presumably healthy marathon runners, a simple 12-element CV screening algorithm has been proposed by the AHA 13 (see Table 1 ). It comprises a detailed personal and family history as well as a physical examination including auscultation and blood pressure measurements. IOC, 18 ESC 17, 19, 20 and German 16 32 If exercise testing is considered necessary, it is recommended to approximate as closely as possible the cardiovascular and metabolic demands of the planned competitive event and its training regime. In marathon runners, this is often difficult to accomplish and cannot replicate the CV stress produced by sustained bouts of exercise during marathons and the required training. Furthermore, strong evidence from basic and clinical research suggests that regular exercise improves coronary microvascular function to such a degree that it can compensate for epicardial atherosclerosis even in advanced stages of the disease. 2, 33 Standard clinical exercise tests may not always help to identify occult CAD in marathon runners. 32 
Risk Factor Burden in Marathon Runners
Regular physical activity has a beneficial impact on most modifiable CV risk factors. 34 In normotensive subjects, average resting systolic and diastolic blood pressures are reduced by 3.4 and 2.4mmHg, respectively, with a much greater effect in hypertensive persons. 34 High-density lipoprotein (HDL) cholesterol levels can be expected to increase by 3.0-4.6%, while triglyceride and LDL-cholesterol concentrations may decrease by 0.6-3.7% and 0.8-5.0%, respectively. [34] [35] [36] Exercise programmes help to maintain smoking cessation 37 and weight loss, 38 and beneficially affect glucose metabolism in diabetics. 39 In the Marathon Study cohort, all established risk factors were improved compared with age-matched controls (see Figure 1) . In addition, runners had lower heart rates than controls (64.8±10 versus 76.4±11.8 beats per minute, respectively; p<0.0001) as well as lower high sensitivity C-reactive protein (hs-CRP) levels (0.1±0.2 versus 0.3±0.6mg/dl, respectively; p<0.0001) and leukocyte levels (5.3±1.2 versus 7.1±1.9nl, respectively; p<0.0001).
The Framingham risk score in marathon runners (7.0±3.6% in 10 years) was even lower compared with women of a similar age from the general population (7.6±4.9% in 10 years). 22, 23 These findings suggest that longterm regular aerobic exercise may improve CV risk factor burden beyond previous observations from controlled prospective studies with follow-up periods of often not more than six to 12 months. 
Risk Stratification for Coronary Artery Disease in Marathon Runners
Coronary Artery Calcium CAC is a measure of the extent of total coronary atherosclerosis as it closely correlates with total coronary plaque burden. 31 It is not an index for stenosis severity at the site of CAC, but an increasing CAC burden increases the likelihood of a significant and potentially vulnerable lesion somewhere else in the coronary tree. This concept seems to hold in marathon runners. 33 The CAC score has been suggested to have value for improved risk stratification in intermediate-risk subjects 31 and to add prognostic information beyond established CV risk factors in the general population. 40 Historically, the CAC score is classified into groups of 0-10 (none to minimal), 10-100 (mild), 100-400 (moderate), 400-1,000 (severe) and >1,000 (extensive). 41 As age and gender are the main determinants of CAC burden, a CAC value >75th
age-and sex-specific percentile is also advocated for clinical use in addition to absolute score values. 5
Coronary Atherosclerosis in Marathon Runners
In the 1970s, marathon running was still believed to induce 'immunity against coronary atherosclerosis', a theory referred to as the 'Bassler Hypothesis'. This hypothesis was invalidated in the late 1970s and early 1980s, initially by Noakes et al., 42 then by others. 35, 43 It is now established that coronary atherosclerosis accounts for the majority of CV events in older athletes. 13, 15 Interestingly, studies of exercise-related acute myocardial infarction demonstrate less extensive CAD in sport participants than in controls, 44, 45 which may reflect either selection bias for less severe atherosclerosis in those capable of exercising at high intensity or the ability of exercise to provoke events in individuals with less severe disease. 6 In the Marathon Study, we have measured the prevalence and extent of calcified coronary atherosclerosis and found an unexpectedly high CAC burden that did not differ from that in age-matched controls from an unselected general population (see Figure 2 ) even though the Framingham risk score was only half of that in age-matched controls (7.0±3.6 versus 14.3±8.2% in 10 years; p<0.0001; see Figure 1 ). When the CAC score in marathon runners was compared with that in males from the general population with a similar risk factor profile, marathon runners had an even higher CAC score. A CAC score >100 was present in 36% of runners. A CAC score below 15, which has been suggested as a threshold below which high-intensity sports such as marathon running are safely recommendable, 32 was found in only 43% of runners.
We found no association of CAC burden with any of the exercise-related variables such as numbers of marathon completed, training mileage and frequency or years of regular marathon running. Hence, currently it is unclear whether frequent exhaustive exercise such as marathon running has direct pro-atherosclerotic effects. This is unlikely given the substantial evidence on the benefits of regular physical activity on coronary atherosclerosis, but no epidemiological studies have so far examined individuals engaged in such prodigious amounts of exercise. It is possible that the observed mismatch between a low risk factor burden and a high CAC score may be explained by a higher risk factor exposure earlier in life in marathon runners, and supports the limitations of conventional risk-stratification algorithms in master athletes.
Alternatively, repetitive bouts of exhaustive exercise with the associated oxidant and inflammatory cytokine bursts may have contributed to the development of coronary atherosclerosis. The CAC burden is an independent predictor for myocardial damage and seems to contain prognostic information in marathon runners like in other asymptomatic cohorts (see below). 39, 31 The implication of our findings is that the true CV risk in marathon runners may be underestimated if it is assessed based on established risk factors alone.
Myocardial Late Gadolinium Enhancement
Using cardiac magnetic resonance imaging (cMRI), the prevalence of myocardial damage can be directly visualised by late myocardial enhancement after infusion of gadolinium. 'Myocardial damage' is a term that we use here to summarise a variety of causes that can contribute to this imaging phenomenon, such as myocardial infarction, myocarditis, cardiomyopathy and vasculitis. 46 Myocardial late gadolinium enhancement (LGE) has been shown to be associated with an impaired prognosis in a population-based cohort including many subjects with known CAD. 47 Out of 102 runners who were studied with cMRI, 12 (12%) had evidence of LGE. 22 This is a three-fold higher prevalence compared with an age-matched control group derived from a CV screening programme (4%). 48 The extent of CAC burden and the number of marathons completed were independent predictors of LGE. The mechanisms underlying this observation are as yet unclear. Coronary microembolisation from epicardial plaque material after superficial plaque fissuring or erosion due to epicardial shear stress and mechanical forces may play a role. 49 Furthermore, microthrombi from the surface of epicardial plaque or due to an increased systemic thrombogenicity, in part triggered by catecholamine-induced platelet aggregation or an imbalance in fibrinolytic/prothrombotic factors, 5,51 may obstruct intra-myocardial microvessels. Repeat inflammation during exhaustive marathon running and its required training may challenge endothelial antioxidative capacity, impair intramyocardial microvascular integrity and accelerate the atherosclerotic disease process.
Therefore, we cannot exclude the possibility that frequent marathon running itself has contributed to myocardial damage in our runners via mechanisms that still need to be determined. Irrespective of their aetiology, such areas of damaged myocardium could be the substrate for catecholamine-triggered arrhythmic activity during exercise. 
Cardiovascular Event Rates
In healthy adult marathon runners, CV death is estimated to be in the range of 0.3-2.7 events per 10,000 person-hours of exercise. 6 Others have estimated an annual fatal event rate of one per every 15,000-18,000 joggers 10, 52 and fatal events in one per 50,000-220,000 marathon race finishers. 3, 9 In our Marathon Study, we observed no deaths during two years of follow-up. However, two out of 108 presumably healthy runners experienced aborted sudden death related to exercise and underwent subsequent revascularisation procedures. Two other runners received coronary stents without prior heart events. 22, 33 None of the events occurred in relation to a marathon competition. All runners had CAC scores >100.
Notably, the event rate increased from 0 of 69 (0%) in men with CAC <100
to two of 25 (8%) in men with CAC 100-400, and to two of 14 (14.3%) in men with CAC >400 (log-rank: p=0.018). Thus, 10% of 39 marathon runners with CAC >100 underwent revascularisation procedures during two years of follow-up, while their Framingham risk -which is designed to estimate cardiac death and myocardial infarction -was calculated to be only 7.9±3% (median: 7.0%, 25/75th percentile: 6/9%) in 10 years.
Implications for Risk Stratification
The 12-element approach to risk stratification (see Table 1 ) should be the first step in risk stratification in marathon runners. 15 In addition, lipid values and resting glucose levels should be assessed following NCEP, ESC and other guidelines. 5, 28, 53 In our experience, these screening tools alone will leave many runners with occult advanced CAD undetected. In asymptomatic persons with diabetes (class IIa recommendation) and in asymptomatic men >45 years of age and women >55 years of age (class IIb recommendation) the American College of Cardiologists (ACC), AHA 54 and the ACSM 55 recommend exercise testing before engaging in vigorous exercise training programs. However, participants in the Marathon Study were not diabetic and had been running regularly for many years. Twelve-lead ECGs at rest and during exercise are expected to miss relevant CAD in many of such runners due to coronary artery remodelling and the beneficial effects of exercise on endothelial and microvascular function, as outlined above.
Due to these difficulties in risk assessment, a gradual training programme that progressively leads to more vigorous levels of physical exertion is generally encouraged in master athletes. 15 In addition, we suggest that master marathon runners who have a history of modifiable risk factors such as smoking, elevated blood pressure, being overweight, former unhealthy eating habits, etc. may be appropriate candidates for atherosclerosis imaging, even if they are at low CV risk based on conventional risk factor assessment.
In runners with a CAC score >100, regular aspirin and lipid-lowering drugs should be considered with LDL treatment goals that are recommended for secondary prevention of CAD, i.e. LDL-C <100mg/dl, preferably <70mg/dl. 5, 28, 30 Runners should be advised to train at moderate intensity levels, which must be determined individually. 
